ABSTRACT: Disturbances spreading through the landscape, like wildfires, are essential processes in modeling landscape structure and dynamics. Like other disturbances, fire may spread from a local epicenter with a propagation rate enhanced or retarded by the spatial arrangement of fuel across the landscape. Therefore, fire ignition and spread are a direct consequence of the presence and arrangement of fire-prone habitats. Generalizing the concept of ''habitat selection'' to every spatially distributed ecological process, the resource selection functions used in zoology to summarize habitat use by wildlife can be also used to characterize the wildfire's pattern across the landscape. The aim of this paper is thus to quantify the relationship between forest cover and burnt area in Canton Ticino (Switzerland) during 1980-2007 using a bootstrap test of significance: that is, to identify forest types that burn more (or less) than expected from a random null model based on the regional availability of the resource (forest type). The results show that fires behave selectively for most forest types; whereas chestnut stands and broad-leaved forests display overproportional burnt areas, coniferous forests typically burn less than expected by a random null model.
Introduction
Fires ignite and spread across the landscape as a function of the presence and spatial arrangement of the fuel load associated to the different land-cover types. Accordingly, to understand fire behavior at the regional scale, a key question consists in quantifying the spatial patterns of fire selectivity regarding landscape composition (Moreira et al. 2001) .
Analysis of habitat selection is a common aspect of wildlife science because the comprehension of how wildlife use habitat is of great importance to ecology and management of any species (McClean et al. 1998) . In zoology, this kind of study uses the resource selection functions (RSFs), which are statistical models defined to be proportional to the probability of use of a given resource type (Manly et al. 2002; Boyce 2006) . A wide variety of RSFs have been used to analyze the habitat selection by animals, such as habitat preference analysis (Johnson 1980) , compositional analysis (Aebischer et al. 1993) , log-linear models (Heisey 1985) , logistic regressions (Pereira and Itami 1991) , or multiresponse permutation procedures (MRPP; Mielke 1986; Alldredge et al. 1998) . For a thorough review on RSFs, see Manly et al. (Manly et al. 2002) . The aim is to go beyond simple documentation of habitat use and to determine if specific habitats are positively or negatively selected, that is, used more or less than availability (Alldredge and Ratti 1986) .
Generalizing the concept of habitat selection to every spatially distributed ecological process, the RSFs can be also used to characterize the distribution of wildfires across the landscape (Manly et al. 2002; Nielsen et al. 2005) . In this view, according to Moreira et al. (Moreira et al. 2001) , fire can be considered as an ''herbivore'' that exhibits variable preferences for different types of vegetation or land-cover classes. If fires ignite and spread unselectively over the landscape, then the land-cover composition (the proportional area of various land-cover types) burned by fires should approximate the land-cover composition available in the entire region (Nunes et al. 2005) . In this paper, we used a bootstrap test of significance for analyzing the selectivity of forest fires in terms of total burnt area (as the result of fire ignition and spread) in an intermediate fire-prone region such as the Swiss Canton of Ticino during 1980 Ticino during -2007 2. Material and methods
Study area
Canton Ticino is a 2812-km 2 region located on the southern slope of the Alps in the Italian-speaking part of Switzerland (Figure 1 ). The area is characterized by a marked altitudinal gradient, ranging from 197 m MSL around Lake Maggiore (Locarno) to 3402 m on the Adula Peak in northern Ticino. The geology of the area is dominated by siliceous rock with small spots of limestone, except in the very southern part, where only limestone is present.
The area is generally characterized by a warm temperate and rainy climate, although the precipitation is often concentrated in short and heavy spells, and there can be longer periods without rain or even drought. The mean annual precipitation ranges from 1600 to 2600 mm, and the mean annual temperature ranges from 38 to 128C, depending on the elevation and the geographic position. The precipitation in the main vegetation period (June-September) ranges from 800 to 1200 mm. The duration of sunshine is high (1800-2150 h yr 21 ), although some valleys during winter may be shaded by the surrounding mountains for several weeks. Winds are usually weak, but strong gusts may occur during thunderstorms and when there is a katabatic (descending) dry wind from the north (föhn) for up to 40 days a year on average. One of the main consequences of the föhn is a drop in the relative air humidity to values as low as 20% and the quick drying off of the fine fuel.
At low elevations (from 200 up to 900-1100 m MSL) forest vegetation is dominated by chestnuts (Castanea sativa), which was first cultivated (and probably first introduced) in the area by the Romans. Chestnut forests are anthropogenic monocultures occasionally interrupted by the presence of other broad-leaved species, such as Tilia cordata, Quercus petraea, Q. pubescens, Alnus glutinosa, Prunus avium, Acer spp., or Fraxinus spp. At medium elevations (900-1400 m MSL), the forests mostly consist of pure stands of Fagus sylvatica, followed by coniferous forests (Picea abies and, at higher elevations, Larix decidua). On the south-facing slopes, the beech belt is sometimes completely missing. The presence of Abies alba has been reduced to small patches on north-facing slopes in the central part of the area, whereas pine forests are confined to very particular sites (Pinus sylvestris on dry south-facing slopes and P. cembrae on the most continental areas of the upper regions).
Forest-cover map
Because no reliable forest vegetation map of the study area exists, we used thematic forest maps of different origin, content, and levels of precision and combined them using the hierarchical approach proposed by Pezzatti et al. (2009) to determine the forest vegetation cover on a 25 m 3 25 m grid.
Overall, nine forest-cover classes were defined, covering 127 903 ha (i.e., roughly 45.5% of the study area). To account for forest fires originating outside the forest area or trespassing forest gaps, we considered two additional forest-cover types, which consisted of two buffer zones (0-50 m and 50-100 m) starting from the forest edge. The 11 land-cover classes and their extent in the study area are shown in Table 1 .
Forest fire data
In Canton Ticino, forest fires are recorded by the Cantonal Forest Service. The information includes date and time of ignition; duration; ignition cause; burnt area; Conedera et al. (Conedera et al. 1996) and Cesti (Cesti 2006 ) on a seven-point ordinal scale ranging from (111) to (222) (Pezzatti et al. 2005) . According to fire statistics, a mixed fire regime exists in the study area: anthropogenic fires during the winter season (December through April) and anthropogenic and natural fires during the summer season (May through November). Because of changes in the fire fighting organization and tactics, homogeneous burning conditions in terms of fire spread and control have only existed since 1980, when the fire brigade coordination passed from the single communities to the Canton and aerial fire fighting with helicopters started in a systematic way (Conedera et al. 2004 ). Since then, fire extinction actions are generally very efficient and, during the main winter fire season, most of the forest fires (90%) do not burnt more than 10 ha. In particular cases (i.e., dry and windy conditions during the fire season), multiple ignitions and an elevated rate of spread may overburden the capacity of the fire fighting organization and result in an intense and extended fire, as was the case in 1990 and 1997.
To have a homogeneous dataset, we consider for the present study only the winter fires for the period 1980-2007. According to this selection criterion, a total of 894 events with a georeferenced perimeter of the burnt area were considered. The annual number of fires varies mostly according to the weather conditions (Figure 2) .
To calculate the burned area within each forest-cover class, first the georeferenced burned areas of each fire were overlaid on the forest-cover map. In this way, we obtained 11 dimensional forest-cover compositional vectors for each fire. The recorded size of burned forest-cover ranges between 1 and 2695 pixels; the total forest surface burned by those winter fires during 1980-2007 is 130 609 pixels (roughly corresponding to 8163 ha). Then, a vector of burned forest-cover composition for the whole study area was obtained simply as the sum of the single-fire compositional vectors.
Analysis
We tested the significance of fire selectivity of the mapped forest-cover classes with bootstrap methods (Efron 1979) . The bootstrap can be applied in situations where standard statistical tools do not exist or where the usual statistical methods are inappropriate because the underlying assumptions (e.g., normality, constant variance, etc.) are violated. The essence of bootstrapping is the idea that, in the absence of any other piece of information about a population, the distribution of values found in a random sample of given size from the population is the best guide to the distribution in the population. Therefore, to approximate what would happen if the population was resampled, a reasonable approach consists in resampling the sample. The sampling is with replacement, which is the only difference in practice between bootstrapping and ordinary randomization in many applications (Manly 2007) .
Given a test statistic S, a bootstrap test consists in comparing the value of S for the available data with the bootstrap distribution of S. If the actual value of S is sufficiently extreme in comparison to the bootstrap distribution, the null hypothesis is rejected. Dealing with fire selectivity, our aim is to test whether the proportional area of a given forest-cover type i burned by fires p iF is significantly different from the proportional area of that cover type in the entire region p iR . As fire selectivity can be either positive or negative (i.e., a given forest type can burn either more or less than expected from a random null model), a two-sided test is needed.
In principle, an appropriate bootstrap test statistic might be S B 5 jp iB 2 p iR j, where p iB is the bootstrapped proportional area of a given forest type burned by fires that is obtained by resampling with replacement of the 11 dimensional compositional vectors of single fires. However, as shown by Manly (Manly 2007 ), S B is not an adequate test statistic. This is because, if jp iF 2 p iR j is large, then all values of S B tend to be large as well. Then, ''the bootstrap distribution will in this case reflect the distribution of the statistic when the null hypothesis is not true, rather than the distribution when the null hypothesis is true'' (Manly 2007) . Therefore, the data need to be adjusted to reflect the distribution of the statistic when the null hypothesis is true. A straightforward method consists in comparing instead jp iF 2 p iR j with the bootstrap distribution of S9 B 5 jp iB 2 p iF j. According to Manly (Manly 2007) , this is equal to using the distribution of absolute differences between the bootstrapped proportional areas burned and the actual proportional areas burned to mimic the distribution of the differences between the original sample statistics and the population statistics.
A test of significance of fire selectivity for the 11 forest-cover classes used in this study was performed using 999 bootstrap samples. After identifying a forest-cover class for which the null hypothesis is rejected, the ratio p iF /p iR is used to recognize whether the class is selected positively or negatively by fire. Values of p iF /p iR . 1 indicate that the class burns disproportionately more than expected from a random null model; by contrast, if p iF /p iR , 1, the class is negatively selected by fire. The results obtained were confronted with the empirical results of Conedera et al. (Conedera et al. 1996) and Cesti (Cesti 2006 ) based on the fire statistics and field observations on the analyzed forest-cover classes.
Results
According to the bootstrap test of significance, in Canton Ticino most forest types burn disproportionately to their regional availability (Table 1 ). In chestnut stands and broad-leaved forests p iF /p iR . 1 (with p values 5 0.001), meaning that the burnt surface is significantly higher than expected from a random null model. To the contrary, spruce, fir, and larch stands are negatively selected in terms of burnt area by fire with p iF /p iR , 1 and p values , 0.05, whereas mixed forests and the two buffer zones outside the forest edge (0-50 m and 50-100 m) show a marginal negative fire selectivity ( p iF /p iR , 1; p , 0.1). Finally, beech and pine stands burn in proportion to their availability without any significant tendency toward fire preference or avoidance.
Discussion
A number of studies dealt with the selectivity of fire with respect to land-cover classes and vegetation types. Most of them managed to statistically analyze the selectivity of the different vegetation types to wildfire ignitions (Vasconcelos et al. 2001; Bajocco and Ricotta 2008; Catry et al. 2009; Pezzatti et al. 2009 ). Much more difficult is the analysis of the fire selectivity in terms of total burnt area as the result of fire ignition and successive spread (Cumming 2001; Nunes et al. 2005; Podur and Martell 2009) . In this study, we used a bootstrap approach to test forest fire selectivity in terms of burnt area in Canton of Ticino during the period 1980-2007. According to Conedera et al. (Conedera et al. 1996) , taking into account the pyrological fuel characteristic and the geographic distribution of the different forest types, the most fire-prone forest type in the study area during winter is the chestnut stand. Chestnut stands are very prone to anthropogenic fire ignition because of their vicinity to human activities (Pezzatti et al. 2009 ) and display an abundant and very light packed litter layer that enhances fast-spreading surface fires. Although not very distant to roads and urban settlements, site slopes are high enough (258-308) to make terrestrial fire fighting difficult. To the contrary, pure beech stands are generally distant to the main settlement area and produce a compact and less aerobic litter layer that tends to slow down the fire spread, reducing the general extent of burnt areas in this forest type. The discrepancy between expected and obtained results in beech forests may be due to a few large fires that hit this type of stand in the last decade. Although beech forests are usually considered resistant to fire spread, in the case of extreme dry climatic condition in spring, the fuel load in beech forests may become prone to fast-spreading surface fires. The other broad-leaved forests, especially when rich in oaks, may display similar spreading patterns and fire fighting difficulties as the chestnut stand, even if to a lesser extent (Cesti 2006) . Spruce and larch stands and other coniferous trees usually display fuel characteristic, such as the compact and anaerobic needle layer and a high altitudinal distribution that safeguard them from fast-spreading winter fires. The dominant north-facing aspect of the fir stand sites may even increase this effect. In contrast, pine stands are mostly represented on south-facing slopes by Pinus sylvestris stands. Although these pine stands are easily accessible by the fire fighting brigades because of their proximity to roads and settlements, they may cause rapid-spreading surface to crown fires (Cesti 2006) . Mixed forests may behave very heterogeneously according to their location (anthropogenic fire ignition) and the percentage and the type of broad-leaved and coniferous species, respectively (fire spread). The two buffer zones represent very heterogeneous categories in terms of both fuel type and geographic distribution, such that no theoretical assumption can be made concerning their selectivity with respect to the burnt area; nonetheless, bootstrap analysis indicates a negative selectivity of such buffer areas, probably because of the generally low fuel load.
Comparing such empirical observations with the results of the proposed test of significance, we note that bootstrapping adequately fits our expectations on the selectivity of broad-leaved forests and chestnut and spruce stands while providing significant results even for the buffer zones. In particular, the bootstrap approach provides significant results also for the less abundant forest categories, such as fir and larch stands. It fails, however, to confirm the expected fire behavior in beech and pine stands as well as in mixed coniferous forests. Concerning the pine stands, in the study area most of them are patches of reduced extension growing on rocky south-facing slopes where the discontinuity in the fuel on the soil may cause a much greater reduction in the fire-spread danger as assumed from a theoretical viewpoint. For the mixed coniferous forests, the reason for the lack of results in the bootstrapping approach may lie in the particular condition and typology of the stands affected by fire in wintertime. In fact, at low elevations, most coniferous forest stands actually consist of tree plantations in which fire spread is usually higher than in natural coniferous stands. Accordingly, the total burnt area within the coniferous forest type is obtained from the sum of fires in both natural and planted coniferous stands, giving rise to contradictory results.
Forest selectivity with respect to the total burnt area is best analyzed when complete information on the fire perimeter and related fuel maps are available. In the ideal case, fuel maps should contain quantitative characterizations of fuel types based on stand structure and composition, surface and ladder fuels, and forest floor cover (Nunes et al. 2005; Nadeau and Englefield 2006) . However, because fuel type characterization on coarse spatial scales is a very complex operation (Keane et al. 2001; Lasaponara and Lanorte 2007) , a number of studies (e.g., Nunes et al. 2005; Bajocco and Ricotta 2008; Pezzatti et al. 2009 ) used land-cover classes as a surrogate for fuel types. In this framework, given the relative homogeneity in the amount and spatial continuity of fuel load within each class, the 11 forest-cover classes used in this study may be considered adequate to investigate fire incidence patterns on the landscape scale. In addition, the distribution of the different forest types along the altitudinal or geological gradient may result in different vegetation belts or units representing also different ecological and geophysical conditions that may influence both fire ignition and spread and thus the resulting total burnt area.
Earth Interactions is published jointly by the American Meteorological Society, the American Geophysical Union, and the Association of American Geographers. Permission to use figures, tables, and brief excerpts from this journal in scientific and educational works is hereby granted provided that the source is acknowledged. Any use of material in this journal that is determined to be ''fair use'' under Section 107 or that satisfies the conditions specified in Section 108 of the U.S. Copyright Law (17 USC, as revised by P.IL. 94-553) does not require the publishers' permission. For permission for any other from of copying, contact one of the copublishing societies.
